Mechanical Properties of Unreinforced Brick Masonry
Masonry is a heterogeneous composite in which brick units are held together by mortar.
Brick units can be made from clay, compressed earth, stone or concrete. Mortar can be lime or a mixture of cement, lime, sand and water in various proportions. Consequently, masonry properties vary from one structure to the next depending on the type of brick units and mortar used. For each type of brick units and mortar, their properties depend upon the properties and composition of the constituents. Other factors contributing to the variability of masonry properties include anisotropy of units, dimension of units, mortar joint width, arrangement of bed-joints and head-joints, arrangement of brick units and workmanship. Nevertheless, bricks and mortar being the most visible components still determine the performance of masonry. Therefore, we should examine the properties of mortar and brick units in order to gain an insight into the behavior of masonry.
Properties of Mortar and Brick Units
Mortar is composed of cement and/or lime, sand and water. Properties of mortar vary depending on the proportions of these constituents. For instance, mortar with high watercement (cementitious materials) ratio has lower compressive strength than low watercement ratio. In order to standardize the practice, ASTM (American Standard Testing and Measurement) has designated four types of mortar for use in masonry construction in the United States. Table 1 .1 lists the proportions and compressive strengths of the four types of mortar in accordance with ASTM 270. Moreover, experiments have shown that masonry prism under uniaxial compression perpendicular to bed joint, refer to Figure 1 .4, produces tri-axial compression stress in the mortar. Under tri-axial compression, mortar behavior depends upon confining stresses and mortar type. Maximum crushing stress and strain increase with increase confining stresses. Also, lower strength mortars exhibit greater ductility than higher strength mortars. The plots of axial stress-axial strain and axial strain-lateral strain in Figure 1 extracted from three faces of brick units and found that the variation in compressive strengths is as listed in Table 1 .3. The same author also found that compressive strength of brick units on average is 2 to 3 times larger than the tensile strength. 
Tension Mode
There are two types of bonds between mortar and brick units: chemical and friction.
Tensile strength at the interface is primarily due to chemical bond. This bond depends upon the absorption rate of brick units. High absorption rate decreases the strength of the bond. Thus, brick units are usually wetted before they are laid. Direct tension and bending usually cause the bond to break, and where the break occurs we have separation of brick units and mortar layers. The tensile bond strength at the interface due to uniaxial tension and bending can be respectively calculated from, 
Shear Mode
Shear strength at the interface comes from friction due the asperities between the surface Increasing slip grinds down the asperities at the interface, and increasing compression limits the uplift of brick units.
Behavior of Masonry under Uniaxial Compression
Previously, we have examined the properties of the components making up masonry. As we already know that masonry is a composite material composed of mortar, brick units and interfaces; thus, its properties are deemed to be different from those of each of its components. Now, we will examine mechanical properties of masonry as a composite.
Uniaxial Static Compression
Masonry is composed of two discrete entities: relatively stiffer masonry units and relatively softer mortar layers. They are chemically and physically bonded together.
Under uniaxial compression, stacked masonry prism as shown in Figure 
Behavior under Uniaxial Cyclic Compression
Compared to static loading, cyclic compression reduces brick masonry prisms compressive strengths by 30% (Naraine & Sinha, 1989) . Under cyclic loading, stress- On the other hand, for loading parallel to bed-joints, the envelope stress-strain curve has the following form, As before, the stress, σ, and strain, ε, are normalized values with respect to the average peak stress and strain. The constants α and β are determined from experimental data.
Clearly, different types of bricks result in different expressions for stress-strain curves.
However, an exponential stress-strain relationship in general fits the test data well. 
Biaxial Behavior
Due to the variety of masonry, it is difficult to propose a truly general and representative stress-strain relationship in order to best describe masonry behavior. Testing is usually a preferred way to obtain behavior of the desired type of masonry. However, these tests are too specific for the types of masonry under investigation. Nevertheless, laboratory tests were performed by various researchers in an attempt to generalize the behavior of masonry under biaxial loading.
Biaxial Monotonic Behavior
Biaxial compression-compression and compression-tension tests are usually performed on masonry panels to obtain the stress-strain relationship. Dhanasekar et al (1985) performed tests on 180 half-scale brick masonry specimens, 360 mm (14.2 in) square.
The brick dimensions were 110 mm × 50 mm × 35 mm (4.3 in × 2 in × 1.4 in). The mortar composition contained by volume 1 part cement, 1 part lime and 6 parts sand.
Monotonically increasing load was applied to the specimens at an angle with respect to the bed-joint. In general, from the tests, most of nonlinear behavior is caused by the slippage at the mortar joints along the interfaces. The above is for masonry made of solid pressed bricks. The model is not applicable to bricks with well defined directional properties or to mortar with strength closely matched to that of bricks. In the above equations, the stress and strain are normalized with the critical stress and strain given in Tables 1.6 Furthermore, it is important to recognize that properties of brick masonry prisms vary depending on the type of bricks used, joint geometry and workmanship.
Biaxial Cyclic Behavior

Shear Behavior
Peak shear resistance depends upon mortar type, mortar water/cement ratio, brick surface structure as measured by initial rate of absorption (IRA) and workmanship (Atkinson et al, 1989) . Under direct shear tests, shear distribution is uniform along bed joints for specimens subjected to unit shear and zero normal loads. Plot of shear load versus relative shear displacement ( Figure 7 ) from direct shear test experiments by Atkinson et al (1989) shows a very steep ascend to peak value and a steep descend to residual value in the first cycle, and shows no secondary peak after the first cycle. Yet, for the case of low normal load, a secondary peak can be observed upon shear reversal of the first cycle.
The residual shear strength after first cycle does not seem to be affected by the number of cycles. Moreover, in the first cycle softening in bed-joints can be seen as indicated in the decrease of slope before peak shear. Also, bed-joints dilate and contract twice per cycle.
Except for cases of low normal load levels, the net result of shearing is contraction; dilatation part is insignificant under medium and high normal load levels. Vertical deformation in bed-joints is small and elastic. The parameters c and tan can be evaluated by regression analysis. The parameter tan ranges from 0.7 to 0.85. 
